A sublethal dose of Imidacloprid, considered actually as the most widely used insecticide against biting and sucking insects, was administered to Drosophila melanogaster for detecting effects on biological traits. The choice of this species as organism-model potentially opens the possibility to explore more deeply the processes involved in those effects because, among other reasons, there is a large accumulation of biological knowledge on this species and because it propitiates multiple approaches in laboratory and nature. The flies were treated along 15 consecutive generations. F1 parents were randomly taken among virgin flies from the stocks, but the parents of the successive generations were the first 15 couples emerged in the previous one. The number of progeny (productivity) and the duration of the emergence period were analyzed in every generation revealing insecticide toxicity in 12 of the 15 generations. The observation of an increase in the number of progeny over the generations, which occurred in both control and treated experiments (although maintaining higher productivity in the control), suggested an effect of the use of the first 15 emerged couples in successive generations. A comparative analysis of the mortality of the F15 adult flies exposed to imidacloprid by contact, which involved flies from the control, treatment and from the stocks that originated the experiments, reinforced this idea, indicating a genetic interplay of the emergence speed with productivity and adult tolerance to the insecticide, a subject that may be better explored in another study. Toxicity was also observed for the traits longevity, viability during development from egg to adult and oviposition rate. Considering the present intensive use of imidacloprid, the harmful effects observed in these important biological characteristics may be considered able to decrease the adaptive value of D. melanogaster populations exposing them at risk of decline.
INTRODUCTION
Imidacloprid {1-[(6-chloro-3-pyridinyl)methyl]-N-nitro-2-imidazolidinimine, which is registered in more than a hundred countries in the world, is considered actually the most widely used insecticide for killing sucking and biting insects [1] . Currently, it is intensively used as seed treatment in citrus, cotton, fruits, grapes, potatoes, rice soybeans, sugarcane, tobacco and vegetables [2] .
Several studies have provided strong evidence that, in addition to direct mortality, imidacloprid impacts populations through sublethal effects. The exposure to sublethal doses of imidacloprid causes deleterious effects on biological traits of target and non-target organisms. Decrease of the progeny number is one of the most frequent effects in different organisms, but the decreases of survival rate and longevity have also been observed in some cases [3, 4] . In honeybees (Apis mellifera), probably the more intensively studied non-target organism, imidacloprid is considered one of the causes (or the main cause) of bee populations decline occurring since 1990 [5] [6] [7] [8] . In addition, this insecticide has been assigned to a bee malady termed Colony Collapse Disorder (CCD) [9] .
Imidacloprid is a neonicotinoid that, similarly to nicotine, acts as an agonist at the postsynaptic acetylcholine receptor (nAChR) [10] . Like other neonicotinoids, imidacloprid causes persistent activation of the receptors leading to hyperexcitation and death [11] . It is effective on contact and via stomach action [12, 8] . The wide use of the neonicotinoids is due to that they were considered to kill insects by paralyzing nerves but to have low toxicity for other animals. However, data in literature have shown that they affect organisms other than insects. For example, significant adverse effects of this insecticide have been reported in aquatic invertebrates (freshwater and estuarine/marine), being ascribed, at least partially, to its high solubility in water and moderate persistence [13] . In mammals, high doses as well low doses and long exposures were associated with degenerative changes in several organs and other health problems [14] .
We used Drosophila melanogaster as organism-model to study how sublethal doses of imidacloprid affect some biological traits. The importance of using Drosophila is that it metabolizes toxic compounds in a way very similar to humans and its biological characteristics favor many possibilities for methodological approaches, in laboratory and nature. Specifically D. melanogaster, with a great amount of biological information accumulated in more than a hundred years of studies, may favor the understanding of new observations foreseeing the possibility of a deeper study about the findings. This species has been successfully used as an organism-model for analysis of normal and pathological mechanisms involved with essential human biological processes, including metabolism, development and physiology [15, 16] .
The treatment in 15 successive generations (nine months of duration) was used to study the impact of the insecticide on a set of biological traits that are very important to preserve the continuity of the species. The results in D. melanogaster confirmed the harmful effects of imidacloprid and raised interesting questions to be answered in future works.
MATERIALS AND METHODS

Strain Origin and Culture in the Laboratory
The strain used was Drosophila melanogaster from São José do Rio Preto, State of São Paulo, Brazil, collected approximately two years before the beginning of the study, and kept in the Department of Biology of the IBILCE-UNESP. The original mass crosses for preparing the stocks involved more than 20 couples collected in nature. Stocks and experiments were maintained in banana-agar culture medium, at 20˚C ± 1˚C.
Experiments
Imidacloprid (Confidor 700WG, Bayer, 70% imidacloprid) was administered orally to the flies, being added to the culture medium at 5 μg/mL concentration (value corrected for the percentage contained in the product). This is a sublethal dose, since data unpublished, obtained by L. M. Ravazzi, one of the authors of this paper, for adult flies from the same D. melanogaster strain, showed LC50 value = 49.27 μg/ml water.
The present study involved 15 successive generations. In each of them three replicates were prepared for control and three for treatment. Each generation started with the 15 virgin couples first emerged in the previous generation, except the first generation that started with 15 virgin males and females taken randomly from the stocks. Most flies used in F2 to F15 were from the first and second days of emergence, but in some cases, flies from the third day were used to complete the 15 couples.
Adaptive Traits Analyzed
Flies treated with imidacloprid and controls were comparatively analyzed as to their effects on the following traits: 1) productivity (number of progeny); 2) duration of the emergence period (the time elapsed between the emergence of the first and last fly); 3) longevity; 4) oviposition rate; 5) viability from egg to adult stages and 6) mortality of adult flies.
Productivity and duration of the emergence period were evaluated in each of the fifteen generations while the other traits were analyzed in the generation F15, except longevity that was analyzed in F12.
Productivity and Duration of the
Emergence Period The number of progeny (productivity) was computed daily in the control (C) and treated (T) replicates, separately by sex, from the beginning to the end of the adults' emergence period, in every generation till the 15 th .
Longevity
Twenty five virgin, recently emerged males and females taken from F12 generation in T and C groups were transferred to tubes containing culture medium with and without the insecticide, respectively. F12 was chosen for this analysis in order to decrease the amount of simultaneous work that would be done in F15. Dead flies were computed daily, separately by sex and treatment, till the last one had died. Half-life (the time required for mortality of half of the total number of flies) and mean longevity of the flies were computed.
Oviposition Rate
Ten virgin, three days aged males and females from each experimental groups C and T, and also from the stock that originated the experiments (S), were separately put to cross in tubes containing culture medium (without insecticide for C and S, and with it for T flies). The couples were left in the tubes for 8 hours and then the females were individually transferred to empty, clean tubes containing a transparent plastic tea spoon full of agarsugar culture medium (prepared with 0.5 g agar-agar dissolved in 100 mL of hot water and addition of 2.5 g sugar). Twenty-two hours latter, the spoons were removed for counting the eggs (in a stereomicroscope) and a second set of spoons was included in the same vials. The eggs in this second set of spoons were counted again after 22 h, totalizing 44 h observation.
Viability Egg-Adult
The eggs obtained in the study of the oviposition rate were used in the analysis of viability egg-adult. After being computed for oviposition rate, the eggs from T, C and S flies were put for development in the respective culture medium and the percentage of adults obtained in relation to the initial number of eggs gave the viability egg-adult. Males and females were computed separately.
Mortality of Adult Flies Exposed to
Imidacloprid by Contact This experiment was done in order to detect possible changes in the degree of tolerance of the adults after 15 generations of treatment. Adult flies from C and T groups taken in F15, and S flies were put in contact with the insecticide at 10 mg/mL water concentration) imbibed in pieces of filter paper introduced in the vials. This analysis intended also to detect the existence of interference of the method used (selection of the first 15 couples), in the results. Ninety couples, three days old (virgin males and females), from each experimental group, were put in contact with the imidacloprid. Strips of filter paper were impregnated with the aqueous solution of the insecticide, put to air dry and placed into the tubes (9.0 cm × 6.5 cm), covering their interior. Females and males were placed separately in these tubes. The count of dead flies was done at 24 and 48 hours after exposing the flies to the impregnated paper. For making sure that the flies didn't die due to desiccation or hunger, a piece of cotton imbibed in aqueous solution of glucose (0.8%) was fixed in the upper part of the tube.
Statistical Analysis
Statistical analysis of the data involved exploratory analysis, Student's t-test, non-parametric test of KruskalWallis, χ 2 for comparison of several proportions, Tukey test for multiple comparisons of proportions two by two (involving the Tukey's angular transformation). and the Z test with normal approximation. The statistical methods used were based on [17] and [18] . The software was the Minitab Release Package 14.
RESULTS
Characteristics Analyzed in the 15
Generations
Productivity
The descriptive statistics ( Table 1) shows, for each generation, the data on the mean number of progeny and standard error, separately for males and females, in C and T experiments. The total number of progeny produced in both experiments was 16,620 flies.
The smallest productivity was obtained in the first generation. The mean values for C and T replicates of this generation were 98.3 and 84.7, respectively, while the mean for F2 to F15 was 219. Student's t-test for comparison between C and T experiments relative to the mean productivity of males, females and their sum, in each generation ( Table 2) , showed that the differences between C and T were significant for males in the generations F4 (t = 3.37, P = 0.003), F9 (t = 3.05, P = 0.039 and F12 T = 17.17, P = 0.00 + [P value close to zero]). For females, the significant differences were detected in F6 (t = 3.14, P = 0.003) and F12 (t = 5.23, P = 0.001), and for the mean total progeny (males plus females), in F1 (t = 3.04, P = 0.039, F4 (t = 2.75, P = 0.048), F6 (t = 2.80, P = 0.049), F9 (t = 2.82, P = 0.047) and F12 (t = 9.31, P = 0.000). In every case of significant difference, values in C were greater than in T. However, in the light of the numbers, male progeny was greater in C than in T in 12 of the 15 generations, female progeny, in 10, and males plus females in 12.
Boxplot of data (Figure 1) showed the wide variation of the progeny number among replicates, mainly for C group. To better visualize the difference between C and T over generations the results were submitted to the statistical method of smoothing 4253H (Figure 2 ). With this method, significant differences on progeny number were found for males in F3 to F12, for females in F5 and F9, and for males plus females, in F6 to F11. Except in F11, the productivity was lower in T experi- ments. The smoothing data also allowed visualizing more clearly the increase in the number of offspring that occurred in C and T, over generations ( Table 3) .
Duration of the Emergence Period
The time, in days, elapsed between the emergence of the first fly and the last one was also evaluated in each replicate of the fifteen generations of C and T experiments (Figure 3) . Seen in the light of the numbers, nine of the fifteen generations showed mean emergence duration of C replicates greater than that from T. Student's t-test showed significant difference between them only in F6 (t = 6.01; P = 0.027) and F8 (t = 3.77; P = 0.033). However, among the other seven non-significant generations with mean duration of emergence period greater in C, the difference from T varied from two to six days. The mean of the replicate means for all generations was 13.66 days for C and 11.54 days for T (Tables 4 and 5) . Due to the similarity of profiles in the graphs of number of progeny and emergence time duration, the coefficient of correlation was calculated for each replicate using Pearson's coefficient of linear correlation and significance test for P = 0.00 + . Except in the replicate number 3 of T, the two characteristics showed high correlation: control P = 0.95; treated P = 0.85 (Figure 4) . 
Characteristics Analyzed in a Single Generation
Longevity
The time elapsed between the emergence and the death of the adult flies was studied for virgin males and females from F12, in C and T groups. Longevity graphs (Figures 5 and 6) , showed that, in C experiments, half life was approximately 58 days for females and 57 days for males while, in T, they were about 50 and 48 days, respectively Mean longevity values for C were 54.32 days for females and 56.84 days for males while for T, they were 50.52 and 48.92, respectively. Thus, in the T experiments, the mean longevity was reduced in 7.92 days for males and 3.80 days for females.
Oviposition Rate
Egg numbers were counted at the first and second 22h periods after flies from groups C, T and from S (stock) were put in contact with the specific culture medium (Figure 7) . Due to the variability of the standard error, the non-parametric test Kruskal-Wallis for comparison of the experimental groups and pairwise comparisons between groups were used in the analyses. Kuskal-Wallis statistics (H) and P values for compareson among groups, at 22 and 44 h showed significant differences in both counts: at 22 h (H = 18.94; P = 0.000) and at 44 h (H = 13.68, P = 0.001). Pairwise comparisons showed that the oviposition proportion at 22 h was higher for flies from T than from C (q = 3.376), higher for flies from T than from S (q = 5.855) and did not differ between C and S (q = 2.478). Thus, at 22h, T > C = S. At 44 h, the oviposition proportion was higher in C than in S (q = 4.993) and also higher in T than in S (q = 3.771) but it did not differ between C and T (q = 1.221).Thus, at 44 h, T = C > S. In every case, critic q value was 3.134. In the total time of observation, C flies laid 246 eggs, T flies 381 and S flies 23. The differences in the oviposition rate between the first and second 22 h periods, in each group, was evaluated using Student's t-test for paired data and showed significant differences only for C, being the oviposition rate at the second 22 h period higher than that at the first 22 h (t = 4.24; P = 0.002) (Table 6).
Viability Egg-Adult
The viability egg-adult was analyzed for C, T and S flies, using the eggs collected in the tests for oviposition rate ( Table 7) . The comparisons between groups relative to the proportion of males, females and males plus females obtained from egg samples showed significant differences for females (χ 2 = 22.26, P = 0.00 + ), for males (χ 2 = 10.42, P = 0.027) and for total progeny (χ 2 = 30.95, P = 0.00 + ). χ 2 analysis was also used for pairwise comparisons of groups as to the difference of proportion of males, females and total of flies obtained from the eggs. The result was the same in every comparison, that is, viability egg-adult in T was smaller than in C and S, which did not differ from each other. Thus, T < C = S. (for females: T × S, q = 4.559, T × C, q = 5.583 and C × S, q = 1.705; for males and for males plus females T × S, q = 4.95, T × C, q = 4.26, C × S, q = 1.95. In every case, critical q was 3.682.
Z statistics for comparison of the mortality rate between adult females and males in each group (C, T and S) showed significant differences in C, in the second 24 h (Z = 2.51, P = 0.012) and in the total 48h exposure (Z = 2.32, P = 0.020), and in T (in the 48h, Z = 2.72, P = 0.007). In both groups, mortality rate of males was greater than that of females. However, considering the numbers, the male mortality was higher than that of females in the three exposition times of S flies (1 st 24, 2 nd 24 and total 48h) and also in the 2 nd 24h exposure of T. Table 7 . Multiple pairwise comparisons for data on egg to adult viability of flies from the control (C), imidacloprid treated (T) and stock (S). total 48 h the comparison showed significant difference among groups (χ 2 = 9.603, P = 0.008 and χ 2 = 18.412, P = 0.0009, respectively), while, for males, significant differences were obtained only for total 48h (χ 2 = 11.498, P = 0.00492). For females plus males the differences among groups were significant in the two evaluations (for second 24 h: χ 2 = 12.009, P = 0.004 and for total 48 h (χ 2 = 40.5689, P = 0.00001). Pairwise comparisons of groups showed that for females at the second 24 h and total 48 h the mortality of S flies was greater than that of T and C, which did not differ from each other (thus, S >T = C). At the second 24 h, q values were = 3.749 for S × C, 3.401 for S × T and 0.349 for T × C. For males, in the only significant counting (total 48 h), pairwise comparesons also showed the sequence S > T = C (q values, in S × C = 4.174, in S × T = 3.937 and in T × C = 0.237).
Pairwise comparisons of the mortality degree for females + males also showed the sequence S > T = C, in the three periods of analysis (for mortality rate at the first 24 h, q values for S × T = 4.559, for S × T = 4.174 and for T × C = 0.385; at the second 24h, q values for S × T = 4.193, for S × C = 3.987, and for T × C = 0.206; and in the total 48 h, q for S × T , for S × C = 6.275, and for C × T = 0.000. In every sex comparison critical q = 3.377. Thus, for all mortality comparisons S >T = C.
DISCUSSION
A sublethal dose of the insecticide imidacloprid (0.5 μg/mL culture medium) administered to Drosophila melanogaster affected the traits productivity, duration of the emergence period, viability of adults, longevity, viability during the development from egg to adults, and oviposition. Except oviposition that was affected in a different way, all the traits had their values reduced, revealing the toxicity of imidacloprid on Drosophila biology. These traits are among the ones that in the literature have been named life history traits because they are shaped by natural selection in the organism's lifetime, resulting in a variety of strategies for survival and reproduction [19, 20] . Harmful effects on the life history traits such as these due to the insecticide imidacloprid (that is intensively used and thus practically continuously present in the environment) can put in risk these strategies and consequently the survival of the populations.
Relative to the productivity, 12 of the 15 generations showed lower numbers of progeny in the treated experiments (T), although only in four generations the differences between control (C) and T were significant. Considering the 15 generations, the mean decrease of the males plus females in T was about 25% in relation to C. However, the proportion of males and females produced in both C and T did not differ, suggesting equivalence of susceptibility of sexes to the insecticide in this trait. Table 8 . Mortality (number and percentage) of females and males during 48 h to 10 μg/ml imidacloprid, computed in the first and the second 24 h and in the total 48 h. Ninety males and ninety females were used for tests in control (C) and imidacloprid treated (T) groups, taken in the F15 generation, and also from the stocks which originated the experiments (S). The duration of the emergence period was also analyzed in every generation. In the light of the numbers, the mean emergence period of C flies was greater than that of T, in nine of the 15 generations, although significant results were observed only in two of them. Taking into account all the generations, we observed for T a mean emergence period 2.13 days (15.5%) shorter than that for C, a difference that may not be neglected considering the mean value of 13.6 days for the duration of emergence in the control experiments. The correlation between the number of progeny and the emergence time duration also opened a new problem to be studied: is the decrease of emergence days due to a greater mortality of the larvae with longer developmental time and consequently with longer exposure to the insecticide?
The longevity (or lifespan) of D. melanogaster, in laboratory, is known since long ago as being about eight weeks. The influence of the genetic background and the environmental variation in their expression have also been demonstrated in laboratory tests as well by the significant variation in longevity observed within and among natural populations [21] . Our measures of longevity in C experiments showed values included in the known limits, while the treated flies showed mean longevity decrease of about four and eight days for females and males, respectively, showing that, for longevity, imidacloprid was more toxic for males than for females.
The viability egg-adult of the imidacloprid treated flies differed significantly between T and C experiments, with T producing lower percentage of adults than C and S, which did not differ from each other. In the study of this and also the traits oviposition and tolerance, comparisons of C and T flies with flies from the stock (that had been normally maintained in the laboratory during the time of the study) were performed in order to detect possible effects of using the 15 first couples for producing the consecutive generations. Thus, for viability egg to adult this effect apparently does not occur. The lower viability of the treated flies during development may be an important factor to explain the lower productivity observed under the imidacloprid effect. The harmful effect on the viability egg-adult of Drosophila has also been described in experiments with other insecticides [22] .
Oviposition was affected by imidacloprid in a different way. It provoked a decrease of the pre-oviposition time. At 22 h, T flies had laid 55% of the total number of eggs counted in the complete period of analysis (44 h), a percentage significantly higher than the 15% laid by C flies in the same period. Since in S flies the egg-laying time did not differ significantly from C, the anticipation of oviposition in that period apparently was not influenced by the method of preparing the consecutive generations. However, at 44 h, while S remained in a slow pace, T and C oviposition rates equaled due to the significant increase of the egg number in C. Recently, [4] also reported a shortening of the pre-oviposition period in the mirid bug Apoligus lucorum treated with imidacloprid, but parallel to this shortening they observed an increase of the embryogenesis time that doesn't seem to occur in our study in Drosophila because we detected decrease in the duration of the emergence period of the treated flies. The meaning and the mechanism of these changes in oviposition remain to be understood.
The development of resistance to imidacloprid has been reported in many insect species, including field populations and laboratory selected strains (in honeybee, [9] ; in the whitefly Bemisia tabaci [23, 24] ; in the brown planthoper Lugaparvata lugens [25] and in the potato beetle Leptinitarsa decemlineata [26] . In the present study, although we had not selected the flies for resistance with the usual method (selecting the more resistant flies in each generation to prepare the next), during 15 successive generations the parental adults and the larvae of the T experiments were fed exclusively with the culture medium containing imidacloprid. We expected that, if some tolerance had developed, the number of progeny would increase in T experiments over the generations. The smoothing technique applied to the productivity data revealed more clearly, in graph, a tendency for this increase. However, the increase occurred in C and T experiments, which allowed hypothesizing that the use of the first 15 emerged couples to prepare the consecutive generations was revealing an interaction between emergence speed and productivity. In situations like this, the characteristics that seem to be interdependent must be necessarily considered genetically correlated [27] .
A similar idea resulted from the study of mortality of adult flies exposed to the imidacloprid, in which we compared flies from C and T experiments, and also flies from the stock (S). The mortality of flies from S was higher than that of C and T, which, in turn, did not differ from each other. These results indicated that the tolerance in C and T, as also observed in the productivity increase is, in some way, related with the selection for emergence speed. Previous studies on emergence time in Drosophila suggested that this trait can be correlated with fecundity [28] and with stress resistance [29] reinforcing the present hypothesis.
In summary, the present work showed harmful effects of the insecticide imidacloprid on Drosophila, affecting a set of important components of organisms' fitness. Beyond this focus on the biological danger due to the extensive presence of this neonicotinoid in the environment, the analysis of different biological traits allowed proposing a relationship of cause and effect among some of them (for example, the viability decrease during development from egg to adult and the productivity decrease, in the treated experiments). There are also other questions such as the possible shortening of the emergence period due to a preferential mortality of the larvae delayed in development and consequently exposed longer to the insecticide; another question is what the consequences of the pre-oviposition time decrease are-Are these eggs viable? Do they develop earlier?
Furthermore, the results suggested the interplay of the trait developmental speed of flies with other characteristics such as progeny number and development of tolerance. This aspect also deserves further studies, for Drosophila melanogaster is a very propitious model.
The clarifying of the mentioned questions will be important, considering, on one side, the need to increase the knowledge on the effects of imidacloprid considered currently the insecticide of prevalent use in the world, and, on the other, the still poor knowledge of the mechanisms underlying the adaptive traits.
